
Articles
https://doi.org/10.1038/s41566-020-0618-9

1Division of Physics and Applied Physics, School of Physical and Mathematical Sciences, Nanyang Technological University, Singapore, Singapore. 2Centre 
for Disruptive Photonic Technologies, The Photonics Institute, Nanyang Technological University, Singapore, Singapore. 3Graduate School of Engineering 
Science, Osaka University, Toyonaka, Japan. ✉e-mail: fujita@ee.es.osaka-u.ac.jp; ranjans@ntu.edu.sg

Terahertz (THz) waves have frequencies extending from 
0.1 THz to 10 THz that fall between microwaves and optical 
waves: a region known as the ‘THz gap’ owing to the lack of 

many functional devices in this frequency range1–16. The THz spec-
tral region offers a higher available bandwidth, which could meet 
the ever-growing demand for higher data transfer rates11,15. The THz 
spectral band is key to the development of 6G mobile communica-
tion networks, which need to be able to transmit data wirelessly at 
terabits per second over a distance of kilometres; it could also enable 
the implementation of the ‘internet of things’, with a network of over 
a trillion communicating devices. The THz spectral band may also 
be used to address the long-standing interconnect issue of achieving 
high-speed, energy-efficient and low-cost intrachip/interchip com-
munication links over a range of a few centimetres to realize mas-
sive multicore processors, network-on-chip or system-in-package 
solutions17–22. To achieve these goals, we need integrated, low-cost, 
efficient solutions for on-chip THz waveguiding and manipula-
tion. Conventional approaches to THz waveguiding include hollow 
metallic waveguides4, metallic transmission lines1, photonic crys-
tals10, metal wires5 and THz fibres7. However, such conventional 
approaches suffer from sensitivity to defects such as fabrication 
imperfections and considerable bending losses at sharp corners.

The recent discovery of the topological phase of light23–27 has 
suggested possible solutions to the above problem. For example, 
photonic topological insulators (PTIs)23,25,27, which are ‘insulating’ 
in bulk but ‘conducting’ at the edges, show robust edge transport 
with strongly suppressed backscattering caused by disorder and 
sharp bends. Much effort has been devoted to investigating spin-
Hall PTIs28–32 and valley Hall PTIs (also known as valley Hall pho-
tonic crystals, VPCs)33–39, which exhibit time-reversal symmetry 
and do not require magnetic components or temporal modula-
tion. The PTIs already show excellent potential for applications in 

modern optical devices such as reflectionless waveguides40, topo-
logical quantum interfaces41, topological light sources42, topological 
lasers43–45, topological splitters31 and robust delay lines46. However, 
at present, experimental studies on PTIs have been largely limited 
to the microwave29,31,32,34,36,40,47 and optical frequencies28,37,38,41–45,48, 
while the THz PTI experiments have been limited by the material 
platforms and characterization tools available for the THz spectral 
region.

Here, building on the topological phase of light, we experi-
mentally demonstrate robust THz topological valley transport on 
an all-silicon chip. To the best of our knowledge, this is the first 
experimental demonstration of the topological phase of THz waves. 
Silicon-platform-based on-chip VPCs have the additional merit of 
being extremely low loss, which is highly desirable in future THz 
integrated circuits and THz communications. In our experiments, 
we unambiguously demonstrate that valley-polarized topologi-
cal kink states are very robust and exhibit near-unity transmission 
over a bulk bandgap, even after propagating through ten sharp 
bends with zero radii of curvature, which includes five 120° bends 
and five 60° bends. Topological valley kink states are promising for 
THz communication because of their robustness, single-mode and 
linear-dispersion properties. As a proof of concept, we experimen-
tally demonstrate error-free communication through a VPC with a 
highly twisted domain wall at a high data transfer rate in addition 
to the successful transmission of uncompressed 4K high-definition 
video.

Results
Design of on-chip THz VPCs. The THz VPCs are patterned on 
high-resistivity (>10 kΩ cm) silicon (of relative permittivity 11.7) 
chips with a thickness of h = 190 μm, as depicted in Fig. 1a. The 
VPC design follows the well known graphene-like lattice with  
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lattice constant a = 242.5 μm. Each unit cell comprises an equilat-
eral triangular hole with a side length of l1 and another inverted 
equilateral triangular hole with a side length of l2. Here we focus 
on transverse-electric modes, where electric fields lie within the 
plane. The modes propagate in the x–y plane but are confined in 
the z direction owing to total internal reflection49. In the presence 
of inversion symmetry (for example, l1 = l2 = 0.5a), our VPC pos-
sesses C6 symmetry that leads to a pair of degenerate Dirac points 
(at the K and K′ valleys) in the band diagram at 0.33 THz (Fig. 1b). 
Upon breaking the inversion symmetry (for example, l1 = 0.65a 
and l2 = 0.35a), the VPC structure reduces to C3 symmetry, result-
ing in the lifting of degeneracy and the disappearance of Dirac 
points. More importantly, inversion symmetry breaking opens 
a bandgap (0.32 THz < f < 0.35 THz) near the Dirac frequency 
(Fig. 1b). The distribution of the z-oriented magnetic field Hz and 
Poynting power flow of the modes at the K (K′) valley for both 
bands are shown in Fig. 1c). It can clearly be seen that there are 
four modes that exhibit either left-handed circular polarization 
(LCP) or right-handed circular polarization (RCP). Also, within 
the same band, the polarization of a mode at K′ is opposite to that 
of a mode at K.

It is known that the VPCs feature nonzero Berry curvatures 
localized at the K and K′ valleys34,36,37,50. We calculate Berry curva-
tures using a first-principles numerical method. Indeed, we find 
nonzero Berry curvatures localized around different valleys (Fig. 
1d). Additionally, within the same band, these Berry curvatures are 
identical but opposite in sign for the K and K′ valleys. Therefore, the 
total Berry curvature of any single band is zero. This is also guar-
anteed by the preservation of time-reversal symmetry in our VPC. 
Integrating Berry curvatures around different valleys, we further 
find that the valley Chern numbers are half-integers, that is, CK = 1/2 
and CK′ = −1/2 for the first band and CK = −1/2 and CK′ = 1/2 for the 
second band. Our numerical results are consistent with previous 
work in the optical and microwave regimes34,36,38.

To visualize the valley Hall topological phase transition, we 
numerically obtain the evolution of eigenfrequencies at the K valley 
for both bands as a function of Δl (Δl = l1 − l2) (Fig. 2a). As shown 
in Fig. 2a, the obtained results confirm that the polarization of the 
states is flipped in the phase diagram when Δl crosses zero. On the 
left side, LCP is below and RCP is above (Δl < 0) in Fig. 2a, but on 
the right side, the polarization flips to LCP above and RCP below 
(Δl > 0). This inversion indicates that there are two topologically 
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Fig. 1 | on-chip Thz VPc and its bulk band diagram. a, An optical image of the fabricated sample. The red dashed lines show Wigner–Seitz and unit 
cells. Magnified views of the unit cell are presented below the optical image. b, Band diagrams with and without inversion symmetry. The green, red 
and blue lines represent the dispersion of the VPC with and without inversion symmetry, and the light line of air, respectively. c, Mode profiles at the K 
and K′ valleys for the first and second bands of the VPC. The colour scale shows the z-oriented magnetic field Hz, while black and green arrows denote 
the Poynting power flow. d, Normalized simulated Berry curvatures near the K and K′ valleys for both bands. The plotted range for each inset  
is [−0.33π/a, 0.33π/a]2, centred at the K or K′ valleys.
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different valley Hall phases directly related to the sign of Δl. Our 
numerical calculations further show that the valley Chern numbers 
for these two valley Hall phases are exactly opposite.

Next, as shown in Fig. 2b, we construct a ‘kink’-type domain 
wall between two VPCs with opposite Δl values. The difference 
of the valley Chern numbers across the domain wall at the K (K′) 
valley is CΔ = ±1 (Fig. 2c). According to the bulk-boundary cor-
respondence, a pair of valley-polarized topological kink states 
appear at the domain wall within the bandgap: one locked to the 
K valley propagates forward, while the other one, locked to the 
K′ valley, propagates backward. As shown in Fig. 2d, our simula-
tion results are consistent with this prediction. Interestingly, the 
dispersion of valley kink states is almost linear in the bandgap, 
which can be explained using the effective two-dimensional mas-
sive Dirac Hamiltonian model50 (Methods). Furthermore, there is 
only a single kink state in the bandgap for a certain wavevector 
owing to the condition |CΔ| = 1. The linear-dispersion and single-
mode properties of valley kink states are advantageous for THz 
communication. The linear dispersion indicates a negligible signal 
delay at different frequencies, which enables a larger bandwidth7. 
On the other hand, the single-mode feature precludes mode com-
petition and provides additional advantages similar to those of a 

single-mode optical fibre51. Besides, it has been revealed that the 
valley kink states are generally robust against fabrication imper-
fections, as long as these defects do not couple the states of the 
different valleys38,39,52. Therefore, the present design has substantial 
advantages in comparison to the other existing THz waveguides 
(Supplementary Information). It is also worth noting that the rel-
ative size of the VPC bandgap can be tuned by changing the Δl 
parameter (Fig. 2a), and the operational frequency of the VPC can 
be tuned by a simple scaling of the unit cell.

Experimental demonstration of robust topological valley kink 
states in a THz photonic chip. One of the most intriguing prop-
erties of topological valley kink states is that they are immune to 
sharp corners in the absence of inter-valley scattering33,34,36,38,50. To 
demonstrate this property, as shown in Fig. 3a, we fabricate a highly 
twisted domain wall on a 26 × 8 mm2 silicon chip with ten sharp cor-
ners (with zero radii of curvature) including five 120° turns and five 
60° turns. To experimentally measure the transmission of topologi-
cal kink states along the twisted domain wall, we set up an experi-
ment, as shown in Fig. 3b. The transmission is measured using an 
electronic-based continuous-wave THz spectrometer in a frequency 
range between 0.30 THz and 0.37 THz (Methods).
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Fig. 2 | Phase diagram and topological valley kink states at the domain wall. a, A phase diagram showing the variation of the gap as a function of Δl in the 
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As shown in Fig. 3c, the measured results are compared with the 
transmission in VPCs comprising either a straight domain wall or 
no domain wall. A distinct dip in transmission, between 0.32 THz 
and 0.35 THz, can be clearly seen in a VPC without a domain wall, 
indicating the presence of a bulk bandgap. In contrast, the transmis-
sion within the bandgap is close to unity for VPCs with a twisted or 
straight domain wall. The minimum bending loss is estimated to be 
<0.1 dB per bend, which is smaller than that of a conventional THz 
photonic-crystal waveguide (about 0.2 dB per bend)10. However, 
outside the bandgap region, the transmission becomes complex and 
shows a noisy behaviour34,36, owing to the reflection and refraction 
of the THz wave at the boundaries of the VPC and at the domain 
wall. We also perform full-wave simulations to compare the mea-
sured transmission curves for all three cases (see the simulated 
transmission in Supplementary Information) and to visualize the 
intensity distribution of the magnetic field near the twisted domain 
wall, as shown in Fig. 3d. It is evident that a kink state smoothly 
travels through sharp corners with negligible reflection. These 
results prove that the topological kink states are immune to sharp 
bends in our THz topological photonic chips.

Topological valley kink states for THz communications. 
Topological kink states can thus be excellent information carriers 
for on-chip THz communication, and hence may enable future 6G 
wireless networks. To further demonstrate this application, we per-
formed the THz communication experiment using a highly twisted 
domain wall with ten sharp corners (Methods). The measured bit 
error rate as a function of the data transfer rate is shown in Fig. 4a. 
Clearly, we achieve an error-free (bit error rate < 10−11) transmission 
at a data transfer rate of up to 11 Gbit s−1 with a carrier frequency of 
0.335 THz. Remarkably, the bit rate of 11 Gbit s−1 that we achieve is 
higher than that of a conventional THz photonic crystal with bends 

or turns (1.5 Gbit s−1)10. Additionally, a clear eye diagram obtained 
on the screen of the oscilloscope at a data transfer rate of 11 Gbit s−1 
is shown in Fig. 4b. We note that the maximum data transfer rate is 
mainly limited by the effective bandwidth of the VPC waveguide 
in the current system based on an on–off-keying modulation. 
Besides, the data transfer rate can be further enhanced by employ-
ing a phase modulator and a mixer receiver, applying higher-order 
multilevel modulation schemes53, enhancing the relative bandwidth 
of the VPC, and increasing the carrier frequency. As an example, we 
achieve a data transfer rate of 16 Gbit s−1 within the forward error-
correction limit (bit error rate <1.84 × 10−3) based on 16-quadrature 
amplitude modulation (Supplementary Information).

To demonstrate the capability of high-speed and high-quality 
real-time data transmission, as shown in Fig. 4c, we set up another 
experiment for transmitting an uncompressed 4K high-definition 
video at a data transfer rate of 6 Gbit s−1 (Methods). The transmitted 
4K high-definition video is shown on the monitor in the background. 
From Fig. 4c and Supplementary Video 1, it can be seen that the 4K 
high-definition video is successfully transmitted in real-time through 
the VPC even with a twisted domain wall. All the above experiments 
unambiguously demonstrate that topological valley kink states are 
robust information carriers for on-chip THz communication.

conclusions
We thus experimentally demonstrate robust photonic transport in 
low-loss silicon chip using the valley Hall topological phase of THz 
waves. Further, topological valley kink states are excellent informa-
tion carriers for THz communication. By combining robust topo-
logical transport across sharp corners, single-mode propagation, 
and linear-dispersion of kink states, we experimentally demonstrate 
the error-free transmission of uncompressed 4K high-definition 
video to showcase the huge potential of THz topological photonics.  
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Topological kink states are poised to enable THz functional com-
ponents such as topological splitters31, robust delay lines46, com-
pact interferometers, and directional antennas36,54 using low-loss 
and all-silicon VPC chips. Therefore, the present silicon-based 
VPC would serve as an ideal platform for the next generation of 
THz-wave integrated circuits and THz wireless communication 
(see a demonstration of uncompressed 4K high-definition wireless 
transmission based on our VPC chip in Supplementary Video 2). 
Finally, our work provides an experimental demonstration of the 
topological phases of a THz wave, which could inspire research on 
different types of topological phase in both two and three dimen-
sions, including spin-Hall PTIs41, quantum-Hall PTIs40,43 and Weyl 
points55–57, and related applications in THz sensing, imaging, spec-
troscopy and 6G mobile communications.
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Effective Hamiltonian. For the VPC, its band around the K (K′) valley can be 
described by an effective massive two-dimensional Dirac Hamiltonian based on  
k·p theory34,36,37,50

H ¼ vD δkxσx þ δkyσy
� �

þ vDmσz

where δkx and δky are the momentum deviation from the K and K′ points, 
respectively, vD is the group velocity of the Dirac cone, σ are Pauli matrices and m 
is the effective mass term related to the inversion-symmetry breaking. Topological 
kink states emerge at the boundary between two VPCs with opposite effective mass 
terms. The boundary is a Dirac mass domain wall, where a soliton-like state is 
localized. According to the Jackiw–Rebbi theory58, one can derive the dispersions of 
kink states, which are δω = vDδk (δω = −vDδk) centred at the projections of the K (K′) 
valley on the boundary50. Interestingly, the dispersion of the kink states is linear.

Sample fabrication. The dimensions of the triangular holes in THz VPC are 
comparable to those in silicon microelectromechanical systems (MEMS). 
Therefore, we employed photolithography and deep reactive ion etching in a 
MEMS foundry to fabricate a sample from high-resistivity (>10 kΩ cm) 4 inch 
silicon wafer10. The THz VPC is also compatible with a silicon-on-insulator 
platform. Furthermore, compact electronic sources and detectors such as THz 
resonant tunnelling diodes59 can be readily integrated with our VPC waveguides 
for on-chip communication.

THz spectroscopy. A continuous-wave source is produced by a combination 
of a millimetre-wave signal generator and a ninefold frequency multiplier. A 
WR-3 hollow waveguide and a 3-mm-long tapered structure integrated with 
VPC samples are used to couple the THz wave efficiently into the domain wall. 
The positions of the sample and the WR-3 waveguide are carefully controlled 
using a micromechanical positioner. The output from the domain wall is down-
converted to a 404.4 MHz IF signal by mixing with the LO signal generated from 
the spectrum analyser. To obtain the calibration data, two WR-3 waveguides 
without samples are directly connected to measure the output power. The samples 
are measured several times, and each transmission spectrum is plotted with its 
standard deviation to account for the uncertainties.

THz communication experiment setup. On the transmitter side of the THz 
communication system, a beating optical signal from two continuous-wave laser 
diodes is modulated using on–off keying by a pseudo-random bit stream, and then 
down-converted to THz frequencies via a UTC-PD11. This UTC-PD extracts the 
THz range beat frequency via envelope detection. The signal is transmitted across 
the VPC waveguide and is detected using a Schottky barrier diode with a bias 
voltage. The detected signal is amplified by a low-noise amplifier with bandwidth of 
18 GHz and sharpened by a limiting amplifier. The eye diagram is observed on the 
screen of the oscilloscope. The bit error rate is measured using a bit-error-rate tester.

4K video transmission experiment setup. In the experiment, we use a 4K 
recorder (HyperDeck Studio Pro by Blackmagic Design) as the signal source that 
provides an uncompressed 4K video signal (‘Seas of Ogasawara’ 2160p30 format by 
Astrodesign) at a data transfer rate of 6 Gbit s−1. The signal is transmitted through 
the VPC sample, and both the received and rectified signals are conditioned using 
an amplifier. A converter (Blackmagic Design) is used to convert the  

6G-SDI (serial digital interface) signal into an HDMI (high definition multimedia 
interface) signal, which was then fed to a television.

Numerical simulation. The bulk/edge band structure, mode profiles, and Berry 
curvature of the VPC are numerically obtained with a finite-element method solver 
(COMSOL Multiphysics RF Module; www.comsol.com). The simulations of the 
field distribution near the highly twisted domain wall are performed in the time 
domain solver of CST Microwave Studios (www.cst.com).

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.
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